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Introduction
Numerous researchers have investigated the behavior of a wide variety of seismic isolation bearings analytically [1] [2] [3] [4] and experimentally [5] [6] to determine the response of the designed base-isolated structures subjected to different types of ground motion excitation [7] . In most of these studies, the isolated superstructures are designed to respond elastically when subjected to the design ground motion level.
The response of base-isolated structures when the superstructure enters the inelastic behavior range is less well understood. Such inelastic behavior of base-isolated structures is not only theoretical, but can occur in two cases. First, the seismic forces acting on an existing base-isolated superstructure could exceed the design forces due to, for example, a ground motion stronger than the design ground motion level, or unintentional construction of a weak superstructure. Second, the base-isolated superstructure may be intentionally designed to enter its inelastic response range for design-basis ground motions to reduce their cost and thereby offset the cost of the seismic isolation system.
Constantinou and Quarshie [8] , Ordonez et al. [9] , Kikuchi et al. [10] , Thiravechyan et al. [11] and Cardone et al. [12] investigated the response of inelastic seismically isolated structures and agreed that allowing seismically isolated structures to yield requires careful consideration. Vassiliou et al. [13] [14] [15] concluded that designing typical seismically isolated structures to behave elastically, as prescribed by current seismic design codes, is not overly conservative but a necessity that emerges from the fundamental dynamics of such structures.
The dynamics of a base-isolated structure, following to the work of Naeim and Kelly [16] , is investigated analytically using a two-degree-of-freedom (2-DOF) in-plane model, presented in Fig. 1 . The system consisting of the isolation bearings and the isolation base is defined as isolation system. The structure above the isolation system is defined as the isolated superstructure. Masses ms and mb represent the mass of the isolated superstructure and the mass of the base above the isolation system, respectively. The stiffness and damping are denoted as ks, cs, when referring to the superstructure and as kb, cb when referring to the base. Horizontal displacement us is the relative displacement of the superstructure with respect to the base and ub is the horizontal displacement of the isolation bearings with respect to the ground. The ground displacement to which the system is subjected is denoted as ug. The notation used to describe the inelastic response of fixed-base single-degree-of-freedom (SDOF) structures is adopted as follows. 
Nomenclature

Ry
Strength reduction factor defined as the ratio of the minimum strength required to maintain the SDOF system response in the elastic range, Fel,s and the SDOF system yield strength 
Experimental setup for shaking table tests of a base-isolated cantilever structure
As shown in Fig. 2 , a base-isolated cantilever structure with a lumped mass ms=250 kg attached on the top was designed and built in ETH Structural Testing Laboratory. The cantilever structural system consists of two vertical steel columns, connected horizontally with 7 stiffening steel beams that guarantee the in -plane behavior of the system under shaking table excitation. The steel beams are anchored to a bottom plate. This plate is supported by two hinge elements that allow the rotation of the plate in the plane of the excitation and two steel coupons that restrain this rotation. These four elements are anchored to another plate, which is supported by the base plate of the isolation system with mass mb. Both plates above the base plate are equipped with small gaps that allow for the easy replacement of the steel coupons in case of damage. The isolation system consists of 4 friction pendulum bearings, which are distributed symmetrically on the shaking table. The isolators are made by MAGEBA SA as a small version of their RESTON Pendulum Type Mono isolator. The fixed-base period of the constructed structure is Tn=0.52 s, as measured in a free vibration test. The post-yielding isolation period Tb=2.3 s was determined using a sine sweep shaking table excitation. The measured value of the yield strength of the isolation system is Q=520 N. The differences between the designed and the actual structure stem fro m the inevitable discrepancies between the nominal and the actual mechanical properties of the components. The mass ratio of the constructed structure is γm=0.2. Two different diameters have been used for the reduced -diameter middle part of the steel coupons, one of d=4 mm and one of d=5 mm.
The structure shown in Fig. 2 was excited by a group of 4 strong ground motion excitations taken from the PEER Center ground motion database [17], shown in Table 1 . The goal of the tests of the isolated superstructure under these motions is to investigate its inelastic behavior and to verify the results of the analytical simulation. 
Experimental response to ground motion excitation and comparison with analytical simulation
Displacement time history response
The analytically and experimentally derived displacement time history response of the isolation system and the isolated superstructure due to Northridge 1994 ground motion excitation (Table 1) is shown in Fig. 3, 4 respectively. The experimentally derived displacement time history response of the isolation system is in good agreement with the analytically derived response. However, the maximu m bearing displacement observed experimentally is 10% lower than the analytically derived value. This difference is attribu ted to the high value of static friction (stiction) of the constructed bearings, which led to the delayed activation of the isolation system in comparison with the analytical simulation of the activation of the bearings.
The displacement time history response of the top mass of the isolated superstructure, which was observed experimentally is similar to the analytically derived response, particularly during the activation of the isolation system (0-10 s). The discrepancies between the experimental response and the analytical simulation of the top mass are related to imperfections in the hinge, which led to unintended shear deformation of the coupons that cannot be simulated with the analytical model presented in Fig. 1. 
Ry-μ-Tn relations
The relations between the strength reduction factor Ry, the displacement ductility ratio μ and the vibration period of the structure Tn have been determined by researchers in the past for fixed-base structures through bilinear [18] or trilinear [19] functions. The analytical investigation of the inelastic response of base-isolated structures subjected to a wide range of ground motion excitations has led to the determination of these relations for base-isolated structures by Tsiavos et al. [20] .
The relations between Ry and μ have been determined experimentally in this study for the structure shown in Fig.  2 with a vibration period Tn=0.52 s. These Ry-μ-Tn relations are compared with the analytically derived relations for base-isolated structures with γm=0.2 [20] , the proposed trilinear relations for base-isolated structures with γm=0.9 [20] and the existing relations for fixed-base structures [18, 19] . The results of this comparison are shown in Fig. 5 .
The experimentally derived Ry-μ-Tn relations are in very good agreement with the analytically derived Ry-μ-Tn relations for γm=0.2. The proposed trilinear relations for γm=0.9 indicate the use of lower Ry values compared to the experimentally derived values for the same ductility demand μ, thus leading to conservative seismic design and evaluation of inelastic base-isolated structures. The existing relations for fixed-base structures [18, 19] indicate higher Ry values for these structures in comparison with the experimental results. Therefore, the Ry-μ-Tn relations for fixedbase structures are unconservative and cannot be used for the design and evaluation of base-isolated superstructures. 
Conclusions
This study investigated analytically and experimentally the inelastic behavior of a designed base-isolated structure. The base-isolated superstructure exhibited significant inelastic behavior when subjected to the selected ground motion excitations, thus showing that base-isolated structures can yield due to strong ground motion excitation. This experimentally observed inelastic response of base-isolated structures verified the results obtained through the analytical simulation of these structures.
The differences between the experimentally and the analytically derived time history response of the isolation system are attributed to the high value of stiction of the bearings, which delayed the activation of the isolation system. Considering the isolated superstructure, the existence of an air gap in the hinge has led to unintended shear deformation of the steel coupons. This shear deformation of the coupons is the main reason for the discrepancies between the analytically and experimentally derived time history responses of the isolated superstructure.
The experimentally determined Ry-μ-Tn relations for base-isolated superstructures verify the analytically derived ones proposed by Tsiavos et al. [20] . It is notable that the Ry-μ-Tn relations for fixed-base structures are unconservative for base-isolated superstructures and cannot be used neither for the seismic design nor for the seismic evaluation of these superstructures. The relations proposed by Tsiavos et al. [20] should be used instead.
